Local distortions from average structure are important in many functional materials, such as electrostrictors or piezoelectrics, and contain clues about their mechanism of work. However, the geometric attributes of these distortions are exceedingly difficult to measure, leading to a gap in knowledge regarding their roles in electromechanical response. This task is particularly challenging in the case of recently reported non-classical electrostriction in Cerium-Gadolinium oxides (CGO), where only a small population of Ce-O bonds that are located near oxygen ion vacancies responds to external electric field. We used high-energy resolution fluorescence detection (HERFD) technique to collect X-ray absorption spectra in CGO in situ, with and without an external electric field, coupled with theoretical modeling to characterize three-dimensional geometry of electromechanically active units. The quest to rationally design electromechanical materials, i.e., those that can develop large stress or strain under external electric field, has intensified in the last decade because these materials constitute a backbone of a large number of technologies, from micro-actuators in industrial and consumer products to ultrasound transducers. [1] [2] [3] [4] Electrostrictors, the materials exhibiting quadratic response to the electric field, are especially attractive for actuators because they develop strain under electric field but do not generate polarization under deformation. Giant electrostriction effects were recently reported in Gd doped ceria (CGO) thin films: they can generate stress greater than 500 MPa, 5 i.e., competitive with the best electromechanically active materials currently in use.
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While possessing neither a large dielectric constant nor a non-centrosymmetric lattice, which are attributes of most widely investigated electrostrictors and piezoelectrics, [8] [9] [10] [11] CGO clearly exceeds the classical electrostrictors described by Robert Newnham by at least two orders of magnitude. 12 Recently, it was reported that another material with a fluorite structure (Nb,Y-stabilized, δ-Bi 2 O 3 ) also exhibits giant electrostriction and, similar, to CGO contains a few percent of empty oxygen lattice sites. 13 It is likely therefore that these and other similar systems belong to a previously unknown class of electrostrictors, and understanding their microscopic mechanism will be of great fundamental and practical importance.
In the previous work we showed that the X-ray absorption spectra of Ce changed under application of an electric field, but those of Gd -did not, hinting at the dominant role of Ce in electromechanical activity of CGO. results provided more details. 14 They uncovered the existence of electroactive Ce-O bonds in the CGO. Those bonds were ca. 0.1 Å shorter than a typical Ce-O bond length of 2.3 Å in the absence of external electric field and restored their normal lengths under the field.
14 It was proposed that these electroactive bonds are associated with Ce ions located within the distorted Ce-7O-1O v units that contain an oxygen vacancy O v .
5, 14 While important in guiding future investigations, these recent findings were indirect and the resulting model is qualitative. Indeed, no knowledge exists about the directions and magnitudes of the distortions in the Ce-7O-1O v unit that directly affect electrostriction and are thus the local descriptors of the electromechanical activity of CGO. Without the knowledge of the geometry of the electroactive units and its dynamic changes during application of external fields, evaluation of these descriptors and, hence, design of electrostrictive materials with pre-defined properties, are complicated.
The main challenge is thus to directly detect and quantify oxygen rearrangements and the rather large associated disorder in the various local environments of Ce atoms in-situ. The oxygen vacancies that, presumably, induce the local disorder occupy only a few percent of the lattice sites; making the task of distinguishing between the Ce ions with and without neighboring vacancy quite daunting. Extended X-ray Absorption Fine Structure (EXAFS) can be used to characterize the average environment of each type of absorber (Ce or Gd), but EXAFS due to the nearest neighbors has no three-dimensional sensitivity, i.e., sensitive mostly to bond lengths, not bond angles. Due to the life-time broadening 15, 16 and thus relative lack of features in the Ce and Gd L 3 edge X-ray Absorption Near Edge Structure (XANES) spectra, they provide very limited information for the first principle modeling of local atomic geometry. Additionally, the ensemble-average XANES and EXAFS spectra of Ce are dominated by the signals coming from "spectator" species, i.e., those undistorted CeO 8 units that are not unaffected by the electric field. Differential 17, 18 and time-resolved methods 19 of EXAFS analysis showed potential towards isolating signals coming from active species only 14 but they are relatively inefficient for three-dimensional geometric characterization, vide supra.
In this work, we combined the high-energy resolution fluorescence detection (HERFD) technique and first principle simulations of the data in order to identify electroactive species in CGO thin films containing a mixture of active and inactive species. The reason we employed HERFD here is that it improves sensitivity of XAS to the geometry and its changes that is hampered in conventional XANES due to the life-time broadening effects. So obtained, high-resolution spectra can be directly modeled by theories and their sensitivity to the changes in local geometry is significantly improved. 20, 21 Based on the theoretical simulations of the spectra of electroactive species that we extracted from the in situ XANES measurements, we narrowed down the choice of possible structural models of active species and proposed two plausible models of distortions of the local structure around Ce caused by application of external electric field.
The Ce L 3 edge HERFD XANES was performed at beamline 6-2, SSRL using Si (311) monochromator and a high-resolution x-ray emission spectrometer. 22 Energy resolution of the spectrometer was 0.7 eV in this experiment. The geometry of the setup is shown in Figure 1 , and the details are given in Supplemental Material. 23 The studied films were attached to a sample holder and illuminated at 45
• of incident angle using an analysis area of 150 µm by 450 µm (FWHM). The films were deposited using Magnetron Sputtering (AJA® Sputter). First a bottom electrode of 100nm Ti was deposited on an 8×40 mm Si substrate (n ++ ⟨100⟩, 275 µm thick). On top was deposited a 400nm layer of Ce 1−x Gd x O 2−x/2 where x=0.05 and 0.2. The films were annealed at 400
• C under nitrogen atmosphere for 4 hours in order to release deposition strain. A top electrode of 100nm Ti+Au was deposited on top of the CGO layer, using Electron-beam evaporation (Odem®). The devices were mounted on a glass microscope slide and electrodes were connected using conductive paint. The in situ measurements were conducted as follows: The sample was mounted and 6 XANES scans were taken without any applied bias, these scans were averaged and considered as "Before poling". The subsequent applied electric field was a combination of AC and DC field and defined by V a p p = V DC + V AC · cos(2π f t) [ f = 10 mHz, V AC = 0.75 V, V DC = 0.4 V]. Scans were taken periodically until no further changes were observed in XANES spectrum, and then the last 6 scans were merged and considered "After poling". The time to reach the poled state was between 2-12 hours. The HERFD XANES spectra of the samples (5% and 20% Gd dopants) before and after being exposed to the electric field are shown in Figure 2 (A). Compared to conventional XANES spectra which only show two major peaks in the range of 5715-5745 eV, 5,14,24,25 the HERFD spectra show five distinct resolved peaks labeled in Figure 2 (A). The pre-edge peak A relates to the 2p → 4f electronic transitions and the main edge is attributed to the 2p 3/2 → 5d 5/2 transitions. 26 Between peak A and the main edge, there is a weak peak at about 5726 eV. It is associated with the Ce 3+ valence state 27 and attributed to a shakedown effect. 28 The change of this peak reflects the behavior of 4f valence electron. 28 The appearance of two peaks in the range of 5725-5735 eV or 5735-5745 eV is due to the crystal field splitting of 5d orbitals. Peaks B, C (assigned to screened excited states) and D, E (assigned to unscreened excited states) were found to be sensitive to the local structure around Ce. 20 For CGO films, the spectral changes before and after poling are relatively subtle but the increase in intensity of peak C after poling was observed for both films (Figure 2(A) , inset), in agreement with previous differential QEXAFS experiments.
14 As emphasized above, the relatively small changes in XANES are caused by the small fraction of active species responding to the electric field.
In this work, we derived the three-dimensional structural models of distorted Ce-7O-1O v units by simulating theoretical XANES spectra in candidate distorted structures and comparing them with experimental data. The theoretical spectra of the active species reflect only the spectral features of distorted structural units while the experimental data (Figure 2(A) ) show the average spectra that are dominated by the undistorted units. Therefore, before comparing experimental and theoretical XANES spectra, it is necessary to extract the XANES signals of the active species from the total experimental data. Toward that goal, we first assume that the distorted units are not strongly interacting with each other and thus the spectra of active species and spectators do not change with the concentration of Gd. We denote the experimental Ce XANES spectrum for m% and n% Gd doped CeO 2 as D (m) and D (n) , respectively. Each data can then be expressed in terms of the linear combination of two spectra, Ce-8O (spectators) and Ce-7O-1O v (active species), as follows: D = y s X s + y a X a where y s is the molar fraction of spectators and y a is the molar fraction of active Ce atoms in the sample. From the data measured at two concentrations of Gd dopants, the unknown pure spectrum of active species, X a , can be extracted:
In Eq.
(1), the molar fractions for active species can be related to the concentrations of vacancies if we assume that vacancies are randomly distributed through the CGO structure. The details of these estimates are given in Supplemental Material. 23 For 5% Gd doped CeO 2 , the estimates yield y a = 0.09, y s = 0.91 and for 20% Gd, y a = 0.28, y s = 0.72.
Using the XANES data for 5% and 20% Gd films and Eq. (1), the XANES spectra of the active species X a measured before and after poling were obtained and are shown in Figure 2 (B). For both spectra, there are two peaks. One is located in the range of 5729-5731 eV (peak B') and another is in the range of 5732-5737 eV (peak C'). The energy difference between these two peaks is about 4 eV. The strongest observed change in the spectrum with application of the electric field was an increase in the amplitude of the second peak (C'). This behavior is consistent with the ordering of the distorted structure of active species after poling, in agreement with the previous differential QEXAFS results where the short Ce-O bonds were found to relax to their normal lengths under electric field. 14 We constructed several plausible models in which distortions in the environment around Ce were introduced, as inputs for theoretical calculations of XANES, to compare with the behavior observed in Fig. 2(B) . We focused on the strongest effect in the spectra, the change in the height of the second peak, in order to identify the candidate models. These models were further constrained by the results of our previous EXAFS study, which determined short Ce-O bonds. In Model 1 (Figure 3 Correspondingly, the 1 long Ce-O bond was incrementally elongated from 2.343 (undistorted) to 2.673 Å. The blue curve was produced by averaging over the seven spectra in the inset. The green spectrum corresponds to a composite model where both the distorted Model 1 and Model 2 were averaged with equal weight.
( Figure 3(B) ), we shifted the central Ce along the [010] direction. Both models qualitatively agree with the total number of short bonds, estimated previously. 14 Specifically, in Model 1 there are 6 short bonds per active Ce unit, and in Model 2 there are 4 such bonds.
Based on these models, theoretical XANES spectra at the Ce L 3 edge were simulated using the FEFF9 code. [29] [30] [31] Details are presented in Supplemental Material. 23 To validate our approach, and to calibrate the quality of the simulations, we compared the simulated XANES spectrum of ideal CeO 2 and the isolated experimental XANES spectrum of spectators, X s , whose structure should be similar to that in CeO 2 due to their lack of a vacancy near the Ce atoms. The experiment and the theory are thus expected to describe the same local units and their comparison would provide a baseline test of the theory, and guide the subsequent interpretation of the active species. The XANES spectrum of the spectators was extracted using the same method as for the active species (Eq. (1)). As shown in Figure 4 (A), for both theoretical and experimental spectra, there are two distinct peaks in the same energy range of 5725-5735 eV. The position and shapes of each experimental peak are well reproduced by FEFF9, hence, they can be used for modeling the unknown structure of the active species. The peaks in the range of 5735-5750 eV are related to multiple electron processes and, therefore, could not be well simulated using the single-electron FEFF code. 26, 32 Simulations on distorted models were carried out using the same set of FEFF9 parameters as for the test described above. Similar to the experimental spectra shown in Figure 2 (B), the energy difference between the two peaks (B" and C") in the range of 5725-5735 eV for simulated spectra (Figure 4(B) ) is about 4 eV. Figure 4(B) , inset, shows that for Model 1 (Figure 3(A) ), the main effect is the shift of the peak at about 5732 eV (peak C") to the right of that in the undistorted structure (the leftmost), in disagreement with the experimental data (Figure 2(B) ) where this peak decreased in intensity without an obvious shift. That decrease, however, can be obtained if we assume that the magnitudes of distortions in all units are not equal to each other (which can be explained by the random nature of the neighboring environment of the active units), but are instead distributed over a range of values. We simulated such distribution using distortions ranging from 2.013 to 2.288 Å for 6 short Ce-O bonds and 2.673 to 2.398 Å for the longer bond, and equally weighted. These values were chosen so that the previously obtained short bond length of 2.22 Å 14 fell within the distribution. Figure 4(B) shows that such averaging indeed produces the observed broadening and reduction in intensity of the main peak at ca. 5732 eV compared to the undistorted structure.
Compared to the spectrum of undistorted model (Figure 4(B) , black), the intensity of peak decreases in the simulated spectrum for Model 2 (Figure 4(B) , red). Such change agrees well with that observed in the experimental data (Figure 2(B) ). Specifically, in this model, the central Ce atom
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AIP Advances 6, 055320 (2016) was shifted along the [010] direction so that the distance of the 4 short Ce-O bonds is 2.22 Å, the same as that obtained using differential QEXAFS analysis. 14 Because the agreement between the simulated and experimental trends is qualitative, we cannot discriminate between the two models. It is possible that a combination of the two types of distortions (shifts of oxygen atoms in [111] direction and the shift of Ce atom in [010] cubic directions) is present. The theoretical spectrum corresponding to such a composite model is also shown in Fig. 4(B) . We also checked the possibility that more distant neighbors to Ce can be distorted from their nominal Ce fluorite structure and such distortion may also affect the spectra. Theoretical modeling demonstrated no sensitivity to the changes in Ce-Ce distances ( Figure S1 in Supplemental Material 23 ), hence, our models that include only the changes in the nearest neighbor environment around active Ce units are validated. Based on these results, we conclude that the electroactive species in CGO could take the distorted structure of M1 and/or M2 due to the existence of a small population of oxygen vacancies introduced by Gd dopants. When the external electric field is applied, those distorted structures become more ordered (as indicated by the increase of the second peak in Figure 2 (B) and 4(B) and our previous results 14 ). Changing from distorted to ordered structures, the displacement of atoms induces large mechanical response of CGO materials.
To summarize, the combination of in situ high energy resolution XAS measurements aided by their theoretical modeling presents a powerful tool for local structural analysis. It sheds light on the local structural distortions in CGO that exist around Ce atoms, located near an oxygen vacancy, and the modification of these active units by external electric fields. The unique advantage of the HERFD method used in this work is in its ability to uncover the geometric nature of a small number of active local units whose atomic distortions change under application of electric fields. Specifically, in the initial equilibrium ("field-off") state, the small population of Ce-7O-1O v units deviate locally from the cubic symmetry, producing a range of the Ce-O bonds, which are, on average, shorter than those in the Ce-8O units that contain no vacancy. These local deviations from the fluorite structure result from uncorrelated displacements of Ce and O atoms within the Ce-7O-1O v units. Application of the electric field results in the reversal of the distortions towards the more symmetric (cubic) environment around Ce. We identified two plausible geometric models of local distortions in the Ce-7O-1O v units that show good agreement with the experimental HERFD spectra and are quantitatively validated by the previous findings of differential EXAFS, XANES and macroscopic strain studies, all of which were limited by providing only the average magnitude of the displacements but not the directions. This knowledge of the nature of local distortions in Gd-doped ceria gives access to this important structural descriptor of macroscopic electromechanical properties in general and non-classical electrostriction in particular.
